Extracellular signals have been shown to impact on alternative pre-mRNA splicing; however, the molecular mechanisms and biological significance of signal-induced splicing regulation remain largely unknown. Here, we report that epidermal growth factor (EGF) induces splicing changes through ubiquitylation of a well-known splicing regulator, hnRNP A1. EGF signaling upregulates an E3 ubiquitin (Ub) ligase adaptor, SPRY domain-containing SOCS box protein 1 (SPSB1), which recruits Elongin B/C-Cullin complexes to conjugate lysine 29-linked polyUb chains onto hnRNP A1. Importantly, SPSB1 and ubiquitylation of hnRNP A1 have a critical role in EGF-driven cell migration. Mechanistically, EGF-induced ubiquitylation of hnRNP A1 together with the activation of SR protein kinases (SRPKs) results in the upregulation of a Rac1 splicing isoform, Rac1b, to promote cell motility. These findings unravel a novel crosstalk between protein ubiquitylation and alternative splicing in EGF/EGF receptor signaling, and identify a new EGF/SPSB1/hnRNP A1/Rac1 axis in modulating cell migration, which may have important implications for cancer treatment.
Introduction
Alternative pre-mRNA splicing is a widespread mechanism that contributes to the expansion of genome complexity and the control of gene expression at the post-transcriptional level [1, 2] . Through alternative splicing, multiple transcripts are generated from a single gene, leading to the production of functionally different or even opposing protein isoforms. Alternative splicing also occurs in the 5′-untranslated and 3′-untranslated regions, which can affect mRNA stability and translation. Current models propose that trans-acting factors, most of them are RNA-binding proteins, recognize the cis-elements localized in the pre-mRNAs and determine splice sites by modulating spliceosome assembly [3] [4] [5] .
Signal transduction is an important mechanism for cells to respond to extracellular changes and maintain homeostasis. Dysregulation of signal transduction pathways has been heavily implicated in human diseases including a variety of cancers. At the molecular level, much effort has been made to investigate how signal transduction cascades sense, transmit and amplify signals to regulate cellular processes by inducing gene expression changes at the transcriptional and translational levels. Fewer studies have focused on understanding how extracellular signals are linked to gene expression regulation at the post-transcriptional level .
It is known that alternative splicing is subject to the control of various extracellular stimuli [6] [7] [8] . For example, using high-throughput methods, substantial splicing changes have been detected during T cell activation or after the stimulation of insulin, wingless or epidermal growth factor (EGF) [9] [10] [11] [12] . During T cell activation, it was reported recently that JNK signaling constitutes a major signal transduction pathway for regulated splicing and induces a positive feedback loop through CELF2-mediated control of MKK7 splicing [13] . In EGF signaling, Akt activation appears to have a major role in regulating alternative splicing through Akt-induced autophosphorylation, nuclear translocation of SR protein kinases (SRPKs) and phosphorylation of SR proteins by SRPKs [11] . However, so far, our understanding of the mechanisms underlying signal-induced changes in splicing program remains fragmentary and incomplete. Furthermore, little is known about the functional significance of regulated splicing in signal transduction.
EGF signaling is essential for a variety of cellular processes including cell growth and migration [14, 15] . EGF-driven cellular responses involve EGF binding with EGF receptor (EGFR, an ErbB family receptor tyrosine kinase), dimerization and phosphorylation of EGFR, and subsequent initiation of a vast array of signal transduction pathways. Aberrant activation of EGF/EGFR signaling has key roles in the pathogenesis and progression of human cancers.
To understand the regulation and consequences of EGF-induced alternative splicing, we systematically assessed EGF-induced splicing changes using RNA-seq, and dissected the regulatory cis-elements that respond to EGF signaling. We found an enrichment of hnRNP A1-binding motif in EGF-activated exons, which led us to uncover that hnRNP A1 is modified by ubiquitylation upon EGF stimulation. Further studies demonstrated that SPRY domain-containing SOCS box protein 1 (SPS-B1)-mediated ubiquitylation of hnRNP A1 is involved in regulating alternative splicing and cell migration in EGF/ EGFR signaling.
Results

HnRNP A1 is ubiquitylated upon EGF treatment
To understand the regulation and biological significance of EGF-induced alternative splicing, we performed a high-throughput transcriptomic analysis to assess splicing changes upon EGF stimulation in HeLa cells (a model system for investigation of EGF signaling).
Total RNAs were isolated from HeLa cells 4 h after control or EGF treatment followed by polyA + RNA sequencing. We detected 416 altered cassette exon events (Benjamini-Hochberg adjusted p-value < 0.05, splicing change > 0.15, Supplementary information, Table S1 ). Using alternative exon-and exon-exon junction-specific primers, we validated a subset of splicing events in Supplementary information, Table S1 by real-time RT-qPCR (Supplementary information, Figure S1 ). To characterize the cis-elements that respond to EGF stimulation, we analyzed sequence motifs enriched within the alternative exons and in the flanking intronic regions (containing the first and last 300 nt of the flanking introns, excluding the first 9 and last 30 nt of the intron sequences which contain the 5′ and 3′ splice sites, respectively). Through comparing the enriched motifs with the binding sites for RNA-binding proteins characterized previously [16] , we found that the RNA-binding motif UAGGG for hnRNP A1 protein is significantly enriched in EGF-activated cassette exons ( Figure 1A , Supplementary information, Table S2 ), suggesting that hnRNP A1 might have a prominent role in mediating EGF-induced alternative splicing. HnRNP A1, one of the ubiquitously expressed heterogeneous nuclear ribonucleoproteins (hnRNPs), is known to function in both constitutive and alternative splicing [17] [18] [19] [20] . To examine the role of hnRNP A1 in EGF-induced splicing regulation, we assessed splicing changes upon knockdown of hnRNP A1 in HeLa cells using RNA-seq and compared them with EGF-induced splicing changes. In total, among 15 295 cassette exon-type events detected in both EGF treatment and hnRNP A1 knockdown cells, we identified 646 and 918 events with significant changes after EGF treatment and hnRNP A1 knockdown, respectively (Benjamini-Hochberg adjusted p-value < 0.05, splicing change > 0.10). The overlapping events between these two groups are 158 cases (odds ratio = 5.92, p-value < 4.2e˗20, Figure 1B , Supplementary information, Table S3 ). Interestingly, splicing changes induced by EGF treatment have a significantly positive correlation with those caused by hnRNP A1 knockdown (R = 0.84, Figure 1C ). These results strongly suggest that reduced expression or functionality of hnRNP A1 may account for a significant portion of EGF-induced splicing events.
Since the expression level of hnRNP A1 protein showed no significant change during the time course of EGF treatment ( Figure 1D ), it is likely that EGF signaling may activate a post-translational mechanism to regulate hnRNP A1 function. Intriguingly, although the phosphorylation or acetylation status of hnRNP A1 remained unchanged after EGF treatment (data not shown), ubiquitylation of hnRNP A1 was stimulated dramatically 4 h after EGF was added ( Figure 1E ). Modification of hnRNP A1 by ubiquitin (Ub) was also detected in A549 lung adenocarcinoma cells and EpH4 mammary epithelial cells after EGF treatment (Supplementary information, Figure S2A and S2B). In addition, we observed that a fraction of hnRNP A1 was localized to the cytoplasm starting from 4 h after EGF stimulation in HeLa cells ( Figure 1F ).
SPSB1 interacts with hnRNP A1 and is required for ubiquitylation of hnRNP A1 in EGF/EGFR signaling
To understand the function and mechanism of hn-RNP A1 ubiquitylation in EGF signaling, we set out to identify the E3 Ub ligase for hnRNP A1 through a yeast two-hybrid (Y2H) screening. HnRNP A1 was used as the bait to screen potential hnRNP A1-interacting proteins from a cDNA library encoding over 400 E3 Ub ligases or their substrate-binding subunits as described previously [21] . In total, we obtained nine positive colonies, of which seven colonies contained open reading frame (ORF) for SPSB1 (SPRY (sp1A/ryanodine receptor) domain-containing SOCS (suppressor of cytokine signaling) box protein 1; Figure 2A ), whereas the other two colonies for RBCK1 (RANBP2-type and C3HC4-type zinc finger containing 1). Since knockdown of RBCK1 in HeLa cells did not affect EGF-induced hnRNP A1 ubiquitylation (data not shown), we focused on SPSB1 in the rest of this study. To validate the potential interaction between SPSB1 and hnRNP A1, we performed immunoprecipitation, co-immunoprecipitation and in vitro GST pulldown assays, and found that either endogenous or ectopically expressed hnRNP A1 interacted with SPSB1 in a DNA-and RNA-independent manner ( Figure 2B and 2C), and that the recombinant GST-SPSB1 and His-hn-RNP A1 proteins purified from bacteria directly bound to each other ( Figure 2D ). Using a series of hnRNP A1 truncation or deletion constructs, the SPSB1-interacting domain in hnRNP A1 was mapped to its C-terminal 15 amino acid residues ( Figure 2E and 2F) . SPSB1, originally identified through searching for SOCS box-containing proteins, is one member of the SPRY domain-containing SOCS box (SSB) protein family [22] . Members of this family and other SOCS box-containing proteins have been reported to act as adaptors to bring the SOCS box-associated E3 Ub ligase complexes to their substrates for ubiquitylation and proteasomal degradation [23] . Interestingly, we noticed that SPSB1 was upregulated upon EGF stimulation in HeLa, A549 and EpH4 cells ( Figure 1D , Supplementary information, Figure S2C and S2D), and consistently, EGF treatment enhanced the binding between endogenous hn-RNP A1 and SPSB1 ( Figure 2B ). To test whether SPSB1 induces the ubiquitylation of hnRNP A1, we examined the ubiquitylation status of the immuno-purified hnRNP A1 from cells expressing wild-type SPSB1 or a SPSB1 mutant lacking the SOCS box domain. Ectopically expressed wild-type SPSB1 but not the mutant promoted the ubiquitylation of hnRNP A1, indicating that the adaptor function of SPSB1 was indeed required for hnRNP A1 ubiquitylation ( Figure 2G, lanes 1-3) . Consistently, ectopically expressed SPSB1 did not lead to the ubiquitylation of an hnRNP A1 mutant missing the last 15 amino acids ( Figure 2G, lanes 4-6) .
To further determine whether SPSB1 is responsible for EGF-induced ubiquitylation of hnRNP A1, we treated control or SPSB1 knockdown cells with EGF. The Ub modification of hnRNP A1 did not respond to EGF upon knockdown of SPSB1 ( Figure 2H ). Importantly, the EGFR inhibitor Gefitinib blocked hnRNP A1 ubiquitylation and repressed the upregulation of SPSB1 expression ( Figure 2I ). These data indicate that EGF/EGFR signaling induces the ubiquitylation of hnRNP A1 through upregulation of SPSB1.
SPSB1 recruits Elongin B/C-Cullin complexes to ubiquitylate hnRNP A1 both in vivo and in vitro
SOCS box-containing proteins have been shown to act as substrate-recognition modules in the Elongin B/ C-Cullin-SOCS box (ECS) family of E3 ligase complexes [22] [23] [24] [25] [26] . Elongin B/C-Cul2 and Elongin B/C-Cul5 E3 Ub ligase complexes are two representatives of ECS family. Through immunoprecipitation assay using anti-SPSB1 antibody, we found that endogenous SPSB1 associated with Elongin B, Elongin C, Cul2 and Cul5 in HeLa cells with or without EGF treatment ( Figure 3A ). To test whether these components of ECS E3 complexes mediate EGF-induced hnRNP A1 ubiquitylation, we depleted them in HeLa cells by transfecting specific siRNAs. Single knockdown of Elongin B, Elongin C, Cul2 or Cul5 did not affect EGF-induced hnRNP A1 ubiquitylation (data not shown). However, double knockdown of Elongin B and C or of Cul2 and Cul5 by co-transfecting two targeting siRNAs apparently inhibited EGF-induced hnRNP A1 ubiquitylation ( Figure 3B ). The remaining Ub signals could be due to incomplete knockdown or the presence of other SPSB1-interacting E3 ligase complexes. These results suggest that SPSB1 is able to recruit both Elongin B/C-Cul2 and Elongin B/C-Cul5 complexes to ubiquitylate hnRNP A1 in cells. To test this hypothesis directly, we purified the Elongin B/C-Cul5-RBX2 complex via GST-SPSB1 fusion protein ( Figure  3C ) and performed in vitro ubiquitylation assay. Notably, the recombinant GST-hnRNP A1 could be ubiquitylated by GST-SPSB1 protein via recruiting Elongin B/C-Cul5- GST and GST-SPSB1 immobilized on Glutathione Sepharose were incubated with Elongin B/C and RBX2 co-purified with His-tagged Cul5. After washing with buffer containing 300 mM KCl, bound protein was separated by SDS-PAGE and visualized by Coomassie blue staining. (D) GST-SPSB1 recruits Elongin B/C-Cul5-RBX2 complex to ubiquitylate GST-hnRNP A1 in vitro. An in vitro ubiquitylation assay was carried out using the recombinant GST-hnRNP A1, His-tagged Ub, UBA1 as E1, UbcH5a as E2, and as well as GST-SPSB1 and purified Elongin B/C-Cul5-RBX2 complex as E3 in the combination as indicated followed by immunoblotting with anti-hnRNP A1 antibody.
RBX2 complex ( Figure 3D ). Thus, our data indicate that SPSB1 functions as an adaptor protein to mediate hnRNP A1 ubiquitylation by Elongin B/C-Cullin complexes.
SPSB1 mediates the conjugation of K29-linked polyUb chains onto the Lys183 and Lys298 residues of hnRNP A1 mainly in the nucleus and induces cytoplasmic retention of a fraction of hnRNP A1
Using wild-type Ub and Ub mutants carrying a single lysine at residue 6, 11, 27, 29, 33, 48 or 63 (K6, K11, K27, K29, K33, K48 or K63) or lysine-to-arginine substitutions on all lysine residues (K0), we found that SPSB1 preferentially conjugated K29-linked polyUb chains onto hnRNP A1 ( Figure 4A ). HnRNP A1 contains 18 lysine residues (Supplementary information, Figure  S3A ). To identify the lysines on the hnRNP A1 that are linked to Ub, domain deletion and point mutation analyses were carried out. Removal of the whole RNA recognition motif 2 (RRM2) and the amino acid residues between 161 and 185 in RRM2 reduced hnRNP A1 ubiq- Figure 3D . Usp2cc was used as a deubiquitinating enzyme. (D) EGF-induced hnRNP A1 ubiquitylation takes place mainly in the nucleus and leads to retention of a fraction of hnRNP A1 in the cytoplasm. HeLa cells expressing HA-tagged Ub were subject to nuclear and cytoplasmic separation after control or EGF treatment. Endogenous hnRNP A1 immunoprecipitated by anti-hnRNP A1 antibody was immunoblotted by anti-HA or anti-hnRNP A1 antibody. HnRNP L and GAPDH served as markers for nuclear and cytoplasmic fractions, respectively. The amounts of hnRNP A1 and SPSB1 in nucleus and cytoplasm were assessed by immunoblotting. A 1:5 dilution of the nuclear fractions extracted from cells with or without EGF treatment was made to compare the expression levels of hnRNP A1 in the nucleus and cytoplasm (lower panel). (E) SPSB1-mediated ubiquitylation of hnRNP A1 induces the cytoplasmic localization of a fraction of hnRNP A1. FLAG-tagged wild-type hnRNP A1 and its K(183, 298)R mutant were co-expressed with SPSB1 and immunostained with anti-FLAG antibody.
uitylation to a similar significant degree (Supplementary information, Figure S3B and S3C). Only mutation of Lys183 among the three lysines (Lys166, Lys179 and Lys183) between amino acid residues 161 and 185 resulted in a decreased level of hnRNP A1 ubiquitylation (Supplementary information, Figure S3D ). In addition, mutation at Lys298 but not Lys277 at the C-terminus of hnRNP A1 also reduced hnRNP A1 ubiquitylation dramatically (Supplementary information, Figure S3B and S3D). Taken together, Lys183 and Lys298 are the two major sites for SPSB1-mediated ubiquitylation of hnRNP A1 ( Figure 4B and Supplementary information, S3E). Lysine-to-arginine substitutions at Lys183 and Lys298 in hnRNP A1 (K(183, 298)R), and of Lys29 in Ub (K29R) dramatically abolished hnRNP A1 ubiquitylation ( Figure  4B and Supplementary information, Figure S3E ). Results from in vitro ubiquitylation reconstitution assay demonstrated that both the wild-type Ub and mutant Ub (Ub K29) that carries a single lysine at residue 29 in Ub could conjugate polyUb chains onto the wild-type hnRNP A1 but not the double mutant hnRNP A1 (K(183, 298)R, Figure 4C ). The Ub signal on hnRNP A1 was eliminated after incubation with a deubiquitinating enzyme, Usp2cc. In addition, these two lysine sites of hnRNP A1 were identified as predominant Ub sites on tryptic peptides of immuno-purified hnRNP A1 by LC-MS/MS analysis (Supplementary information, Figure S4A and S4B). A K29-ε-GG peptide of Ub was only detected with purified wild-type hnRNP A1 from cells overexpressing SPSB1, but not with the mutant hnRNP A1 (K(183, 298)R, Supplementary information, Figure S4C ). We conclude that SPSB1 mediates the attachment of K29-linked polyUb chains onto K183 and K298 residues of hnRNP A1.
To investigate the effect of hnRNP A1 ubiquitylation on its cellular localization, we performed cytoplasmic and nuclear fractionation. An elevated level of SPSB1 in both cytoplasmic and nuclear fractions was detected in HeLa cells after EGF treatment ( Figure 4D ). Similar result was shown by immunostaining using anti-SPSB1 antibody (Supplementary information, Figure S5 ). Ubiquitylated hnRNP A1 was mainly localized in the nucleus after EGF treatment ( Figure 4D ). However, compared with cells with control treatment, EGF treatment led to the retention of ~20% of hnRNP A1 in the cytoplasm and simultaneous reduction of the nuclear hnRNP A1 ( Figure  4D ). Ectopically expressed SPSB1 induced cytoplasmic localization of a fraction of the wild-type hnRNP A1, but not the K(183, 298)R mutant hnRNP A1 ( Figure 4E ). Together, our data indicate that EGF-stimulated ubiquitylation of hnRNP A1 takes place mainly in the nucleus and induces a proportion of hnRNP A1 to be sequestered in the cytoplasm.
SPSB1 and ubiquitylation of hnRNP A1 have a critical role in mediating EGF-stimulated cell migration
EGF/EGFR signaling is crucial for promoting cell migration and tumor metastasis. Thus, we next asked whether EGF signaling-induced ubiquitylation of hnRNP A1 has a role in regulating cell migration. In a transwell migration assay, ectopically expressed SPBS1 alone significantly stimulated cell motility ( Figure 5A , 5D and 5G), whereas knockdown of endogenous SPSB1 significantly inhibited the activating effect of EGF on cell motility ( Figure 5B , 5E and 5H). To further test the role of SPSB1-mediated hnRNP A1 ubiquitylation in cell migration directly, we established two cells lines expressing wild-type hnRNP A1 or K(183, 298)R mutant, after depletion of the endogenous hnRNP A1. The mutant hn-RNP A1 K(183, 298)R-expressing cells exhibited a lower level of cell motility upon EGF treatment, compared with cells expressing the wild-type hnRNP A1 ( Figure  5C , 5F and 5I), indicating that SPSB1 and ubiquitylation of hnRNP A1 are important for mediating EGF-induced cell migration.
SPSB1-mediated ubiquitylation of hnRNP A1 controls alternative splicing of Rac1 upon EGF treatment
Rac1, a member of the Ras superfamily of small GTP-binding proteins, acts as a molecular switch to control cytoskeletal rearrangement and cell migration. A Rac1 splicing isoform, named Rac1b, which carries an additional exon 3b encoding 19 amino acid residues ( Figure 6A ), was upregulated in colon, breast and lung cancers [27] [28] [29] . To further pinpoint the mechanism by which SPSB1-mediated hnRNP A1 ubiquitylation regulates cell migration, we first examined the splicing pattern of Rac1, a known hnRNP A1 target. HnRNP A1 has been shown to bind to a silencer element in Rac1 exon 3b and inhibit exon 3b splicing, therefore promoting the generation of Rac1 lacking exon 3b whereas suppressing the production of Rac1b [30] . We found that the splicing of exon 3b was activated upon EGF treatment in HeLa cells ( Figure 6B, upper panel) . Results from immunoblotting analysis also revealed that EGF enhanced Rac1b expression but had no effect on total Rac1 expression in HeLa, A549 and EpH4 cells ( Figure 6B , lower panel; Supplementary information, Figure S2C and S2D) . However, knockdown of SPSB1 could almost completely abolish EGF-induced upregulation of Rac1b without affecting the expression level of total Rac1 (Figure 6B ), indicating that SPSB1 is required for EGF-stimulated generation of Rac1b isoform.
In both cell lines we used previously (in Figure 5C , 5F and 5I), mutations at the two ubiquitylation sites in hnRNP A1 (K(183, 298)R) impaired EGF-stimulated exon 3b inclusion and Rac1b expression ( Figure 6C ), suggesting that ubiquitylation of hnRNP A1 mediates EGF-induced Rac1 exon3b inclusion. To test whether the ubiquitylation-deficient mutant hnRNP A1 (K(183, 298) R) acts in a dominant negative manner in the de-repression of Rac1 splicing, wild type or mutant hnRNP A1 was ectopically expressed in HeLa cells with or without EGF treatment. Both wild-type and mutant hnRNP A1 inhibited exon 3b inclusion in the absence of EGF. However, hnRNP A1 mutant (K(183, 298)R) had much stronger effect on blocking exon 3b splicing than wild-type hnRNP A1 in the presence of EGF ( Figure 6D ). These results indicate that EGF-induced hnRNP A1 ubiquitylation leads to inactivation of hnRNP A1, preventing it from repressing Rac1 exon 3b splicing.
We noticed that in the rescue experiment, hnRNP A1 mutant (K(183, 298)R) only partially blocked EGF-induced exon 3b inclusion ( Figure 6C ), suggesting that other factors, in addition to hnRNP A1, might participate into EGF-induced Rac1 splicing. This possibility was further confirmed by knockdown of hnRNP A1 in HeLa cells with or without EGF treatment ( Figure 6E ). Although, upon EGF-treatment, the inclusion ratio of exon 3b in hnRNP A1-knockdown cells was comparable to that in control cells, splicing of exon 3b in hnRNP A1-knockdown cells in the absence of EGF was stimulated to a less extent compared with the control cells after EGF treatment ( Figure 6E, lanes 2-5) . The SRPK family of kinases are capable of phosphorylating the RS domain of SR proteins and participating in both constitutive and alternative splicing via controlling the subcellular localization and splicing activity of SR proteins. It was reported previously that phosphorylation of SR protein by SRPK can regulate Rac1 splicing in colon cancer cells [31] , and that Akt activation enhances SRPK nuclear translocation and SR protein phosphorylation to control EGF-induced changes in splicing [11] . Moreover, in the work from Zhou et al., Rac1 exon 3b splicing was identified as an EGF-activated splicing event, which partially responded to Akt inhibitor Wortmannin (see Supplementary information, Table S1 in Ref [11] ). These results strongly suggest that the SR-SRPK pathway contributes to EGF-induced Rac1 splicing. Indeed, when both SRPK1 and SRPK2 were depleted, Rac1 splicing also responded partially to EGF treatment ( Figure 6E , lanes 6 and 7). Interestingly, when hnRNP A1, SRPK1 and SRPK2 were depleted simultaneously, Rac1 splicing became insensitive to EGF treatment, and consequently, the inclusion ratio of exon 3b was comparable to that in hnRNP A1 knockdown cells in absence of EGF treatment ( Figure 6E, lanes 4, 8 and 9 ). Moreover, the protein level of Rac1b isoform was closely correlated with the mRNA level under these conditions, whereas the total Rac1 protein level remained almost unchanged. Altogether, these data clearly indicate that both hnRNP A1 and SRPK1/2 contribute to EGF-stimulated Rac1 splicing.
Figure 7
Ubiquitylated hnRNP A1 has a reduced RNA-binding activity, which may result in its release from Rac1 pre-mRNA upon EGF treatment. (A) RIP assay shows that EGF-induced ubiquitylation of hnRNP A1 leads to its release from exon 3b of Rac1. RNA-protein complex was immunoprecipitated by control or anti-hnRNP A1 antibody and isolated RNA was detected by RT-PCR using primers indicated in A (***p < 0.
001, Student's t-test). (B)
Ubiquitylation of hnRNP A1 leads to a decrease in its RNA binding activity to its target pre-mRNA. 32 P-labeled RNA transcripts containing wild-type and mutant Rac1 exon 3b sequences were UV-crosslinked to FLAG-tagged wild-type and mutant hnRNP A1 purified from cells with or without SPSB1 overexpression followed by RNase A digestion and SDS-PAGE. (C) Quantitation of three independent UV crosslinking assay results for B (**p < 0.01, Student's t-test). (D) Normalization of FLAG-tagged wild-type and mutant hnRNP A1 for UV crosslinking assay in C by incubation them with deubiquitinating enzyme Usp2cc.
We also identified several other EGF-induced splicing events such as FAM13B, MBNL1 and RBM10 (Supplementary information, Table S3 ), which seemed to be primarily regulated by hnRNP A1 (Supplementary information, Figure S6 ). Upon hnRNP A1 knockdown, the splicing patterns of FAM13B, MBNL1 and RBM10 were similar to those in EGF-treated control cells and became insensitive to EGF treatment. Furthermore, expression of ubiquitylation-deficient hnRNP A1 in hnRNP A1 knockdown cells failed to induce splicing changes of FAM13B, MBNL1 and RBM10 under EGF treatment (Supplementary information, Figure S6 ). Therefore, in contrast to Rac1 splicing, the ubiquitylation of hnRNP A1 has a dominant role in regulating the splicing of FAM13B, MBNL1 and RBM10 upon EGF stimulation.
EGF-induced hnRNP A1 ubiquitylation results in its release from Rac1 pre-mRNA, likely due to its reduced RNA binding activity
To mechanistically understand the impact of hnRNP A1 ubiquitylation on splicing regulation, we examined binding of endogenous hnRNP A1 to Rac1 pre-mRNAs by RNA immunoprecipitation (RIP) coupled with UV crosslinking. Notably, endogenous hnRNP A1 bound specifically to exon 3b, but the binding affinity decreased dramatically upon EGF treatment ( Figure 7A ). As a control, the binding of hnRNP A1 to exon 4 of Rac1 was not affected by EGF ( Figure 7A ). These data indicate that EGF treatment leads to the release of hnRNP A1 from exon 3b, resulting in the de-repression of exon 3b inclusion. This could be due to a reduced level of hnRNP A1 in the nucleus ( Figure 4D ) and a decreased RNA binding activity of ubiquitylated hnRNP A1. To further test whether ubiquitylation of hnRNP A1 affects its binding to target RNAs, we performed UV crosslinking assay using in vitro transcribed exon 3b RNAs carrying the previously identified hnRNP A1-binding site [31] . Wildtype and mutant hnRNP A purified from HEK 293 cells bound specifically to wild-type exon 3b RNA with equal affinity, but much less so to exon 3b RNA containing a mutated hnRNP A1-binding site ( Figure 7B and 7C) . Intriguingly, FLAG-tagged wild-type hnRNP A1 purified from cells ectopically expressing SPSB1 exhibited a lower affinity to wild-type exon 3b RNA as compared with purified hnRNP A1 with mutated Ub sites ( Figure 7B and 7C). The amounts of purified wild-type and mutant hnRNP A1 used for UV crosslinking assay were normalized after deubiquitylation treatment by Usp2cc ( Figure  7D ). These data strongly suggest that EGF-induced ubiquitylation of hnRNP A1 affects alternative splicing due to its reduced binding to its pre-mRNA targets in the nucleus.
Stimulation of Rac1 splicing by ubiquitylation of hnRNP A1 and activation of SRPKs promotes EGF-induced cell migration
We next asked whether the ubiquitylation of hnRNP A1 and the activation of SRPK participate in EGF-promoted cell migration via Rac1 splicing. We performed transwell assays on control knockdown, hnRNP A1 knockdown, SRPK1/2 knockdown or combined hnRNP A1/SRPK1/2 knockdown cells with or without EGF treatment. In agreement with the results shown in Figure  5C , 5F and 5I, which suggest a positive role of EGF-induced hnRNP A1 ubiquitylation in promoting cell migration, knockdown of hnRNP A1 resulted in an elevated cell motility in the absence of EGF, but did not further increase cell migration after EGF treatment compared with control cells (Figure 8A and 8B) . Notably, knockdown of SRPK1/2 also inhibited EGF-stimulated cell migration. Importantly, combined knockdown of hnRNP A1 and SRPK1/2 was more effective in attenuating EGF-induced cell migration compared with single knockdown (Figure 8A and 8B) . These data strongly suggest that both hnRNP A1 ubiquitylation and SRPK activation critically contribute to EGF-enhanced cell migration. To examine whether the increased level of Rac1b expression is important for EGF-induced cell migration, antisense RNA oligonucleotide (ASO) method [32] was applied to modify the splicing pattern of Rac1 without affecting mRNA and protein expression levels of total Rac1 ( Figure  8C and 8D) . As shown in Figure 8E and 8F, Rac1-specific ASO significantly impaired EGF-induced cell migration, indicating that EGF-induced expression of Rac1b isoform mediates the promotion of cell migration. Taken together, our study report two converging pathways involving SPSB1-mediated ubiquitylation of hnRNP A1 and the activation of SRPK in controlling cell migration via EGF-regulated Rac1 splicing.
Discussion
Our data in this study reveal that SPSB1-mediated ubiquitylation of hnRNP A1 has a critical role in regulating EGF-induced alternative splicing and cell migration. As depicted in Figure 8E , hnRNP A1 is mainly localized in the nucleus and usually represses splicing by binding to alternatively spliced exons. Upon EGF stimulation, expression of SPSB1 is upregulated, which promotes the conjugation of K29-linked polyUb chains onto hn-RNP A1 through recruitment of Elongin B/C-Cullin E3 Ub ligase complexes, leading to cytoplasmic retention of a fraction of hnRNP A1. The ubiquitylated hnRNP A1 is mainly localized in the nucleus, but has a reduced RNA-binding activity toward Rac1 pre-mRNA. Combination of these two effects leads to the de-repression of Rac1 exon 3b splicing. In parallel, EGF also stimulates signaling via the SR-SRPK axis, which joins forces to activate Rac1 splicing to promote cell migration. Our data therefore identify a new mechanism underlying EGF signaling-mediated cell migration involving regulated Rac1 splicing by SPSB1-mediated ubiquitylation of hn-RNP A1 and activation of SRPKs.
Protein ubiquitylation is a prominent post-translational modification [33, 34] . Initially, ubiquitylation was identified as a signal for selective degradation of proteins.
Later, it appears that the nonproteolytic modifications via Ub chain conjugation at different lysine residues serve as Ub codes, which transduce signals that regulate cellular activities [35, 36] . K29-linked polyubiquitylation is an unconventional type of Ub modification, and its biological functions are not well understood. Only few studies suggested its roles in protein degradation, protein-protein interaction and mRNP remodeling [37] [38] [39] . Prior studies have placed RNA-binding splicing regulators as major players in connecting extracellular stimuli to splicing decisions in the nucleus. The majority of work has focused on signal-induced phosphorylation modification of RNA-binding splicing regulators by kinase cascades. Our findings identify hnRNP A1 as a new substrate of cellular ubiquitin system and unravel a previously unknown role of nonproteolytic ubiquitylation of RNA-binding protein in signal-induced splicing regulation. Thus, our study establishes a link between Ub signaling and alternative splicing, and provides novel insights into the complex network of signal-induced gene expression regulation involving the unconventional K29-linked polyUb chains.
HnRNP A1 is a member of the core hnRNP particle and known to participate in the regulation of mRNA splicing, stability, export, translation, of telomere maintenance and miRNA biogenesis [40] . HnRNP A1 consists of two N-terminal RNA recognition motifs (RRM1 and RRM2, aa ) and a C-terminal domain carrying several RGG repeats and an M9 motif (aa 268-305). Our data indicate that SPSB1 is required for EGF-induced ubiquitylation of hnRNP A1 (Figure 2H) , and mediates the attachment of K29-linked polyUb chains to hnRNP A1 preferentially at residues K183 and K298 ( Figure 4A -4C and Supplementary information, Figures S3 and S4) . EGF-induced ubiquitylation of hnRNP A1 results in a reduced RNA-binding affinity to its RNA targets (Figure 7) . This is very likely due to the Ub modification at K183, which is localized in the C-terminal end of RRM2. PolyUb chains formed on K183 residue may interfere with RNA-protein interaction by changing the conformation of RRM2. It has been previously reported that although hnRNP A1 is predominantly localized in the nucleus, it shuttles rapidly between the nucleus and cytoplasm [41] . Several studies have shown that M9 motif is involved in hnRNP A1 nuclear import and export [42] [43] [44] . Ub modification at K298, which is located in M9 motif, may affect hnRNP A1 localization, as a proportion of hnRNP A1 accumulated in the cytoplasm after EGF treatment, and ubiquitylation-deficient hnRNP A1 mutant remained in the nucleus ( Figure 4D and 4E). Regulated nuclear import and export of hnRNP A1 can affect not only mRNA splicing but also mRNA transport and translation of hn-RNP A1 target genes [45] [46] [47] [48] [49] . Thus, besides the role of hnRNP A1 ubiquitylation in regulating pre-mRNA splicing, Ub modification may modulate the action of hnRNP A1 in other steps of RNA metabolism.
Rac1, a ubiquitously expressed small GTPase, has a crucial role in regulating cell migration by controlling membrane ruffles and lamellipodial protrusion [50] . Through knockdown of Rac1 or expression of a dominant negative mutant of Rac1, previous studies have shown that Rac1 activation is required for EGF-induced cell migration [51] [52] [53] . However, the underlying mechanisms remain elusive. Rac1 cycles between an active GTPbound form and an inactive GDP-bound form. The alternatively spliced isoform Rac1b, which carries additional 19 amino acids close to switch II region of Rac1, exhibits reduced intrinsic GTPase activity, increased GDP/ GTP exchange activity and inability to interact with GDP dissociation inhibitor [54, 55] . Upregulation of Rac1b has been shown to result in an increase in cellular reactive oxygen species and to mediate the matrix metalloproteinase-3 (MMP-3)-induced epithelial-mesenchymal transition [56] . Our results demonstrate that EGF activates the splicing of exon 3b in Rac1 pre-mRNA through SPSB1-mediated ubiquitylation of hnRNP A1, together with SRPK activation, leading to the upregulation of Rac1b (Figure 6 ). Using isoform switch-specific ASO, we showed that Rac1b is essential for EGF-induced cell migration ( Figure 8C and 8D) . These data provide a novel mechanism for EGF-induced Rac1 activation and EGF-stimulated cell migration through alternative splicing of Rac1 driven by SPSB1-mediated hnRNP A1 ubiquitylation and the activation of SRPKs.
Recently, Feng et al. [57] provided the first evidence for a role of SPSB1 in cancer. They identified SPSB1, which is spontaneously upregulated during mammary tumor recurrence, as a key mediator of breast cancer recurrence by potentiating c-MET signaling. Intriguingly, we analyzed the mRNA expression profiling data on matched lung adenocarcinoma pairs from a previous study [58] and found that the expression levels of both SPSB1 and Rac1b, but not that of total Rac1, are upregulated in lung adenocarcinoma (data not shown). Consistently, a recent high-content imaging-based migration screening identified SRPK1 as a breast cancer metastasis determinant, as high expression of SRPK1 strongly correlates with poor disease prognosis and increased metastasis to lung and brain [59] . Taken together, our findings, coupled with altered expression and/or activity of SPSB1, Rac1b and SRPKs in cancers, suggest that targeting SPSB1, Rac1b and SRPKs might provide novel and efficient strategies for treating cancer, particularly in those patients who are resistant to EGFR inhibitors.
Both protein ubiquitylation and alternative pre-mRNA splicing regulate a myriad of cellular processes. Here, we report a novel interplay between these two mechanisms and the pivotal role of this interplay in mediating EGF signal-induced cell migration. Our study, for the first time, reveals a critical role of nonproteolytic ubiquitylation of an RNA-binding protein in a signal transduction pathway. Given that RNA-binding proteins have important roles in post-transcriptional gene expression regulation, the function of Ub modification of RNA-binding proteins in other physiological and pathological conditions warrants further investigation.
Materials and Methods
Cell culture, treatment and transfection
HeLa and HEK 293T cells (ATCC) were maintained in Dulbecco's Modified Eagle's medium supplemented with 10% fetal bovine serum. For EGF treatment, HeLa cells were first starved for 12 h followed by adding EGF (50 ng/ml) for the time indicated in the figures. Plasmids or modified ASOs were transiently trans-fected using Lipofectamine 2000 (Invitrogen). To generate recombinant lentivirus, HEK 293T cells were transfected with lentiviral expression constructs together with two helper plasmids pVSVG and delta-R-8.2 using calcium phosphate method. HeLa cells were infected by recombinant lentiviruses and screened for stable expression of MYC-tagged SPSB1 in the presence of puromycin according to manufacturer's instruction (System Biosciences). Stable knock-down of hnRNP A1 or SPSB1 using retrovirus system was established in HeLa cells according to manufacturer's instruction (Clontech). The target sequences of shRNAs are: hnRNP A1 #1, 5′-CAGCUGAGGAAGCUCUUCA-3′; hnRNP A1 #2, 5′-AG-CAAGAGAUGGCUAGUGC-3′; SPSB1 #1, 5′-CGUACCCUGU-AUUUAUUCUUU-3′; SPSB1 #2, 5′-GCUGCAUUCAUGGAA-CAACAA -3′.
Oligonucleotides
The sequences of all the oligonucleotides purchased from Invitrogen, Ribobio (siRNA) or GenePharma (ASO) for this study are listed in Supplementary information, Table S4 .
Plasmid construction
PCR fragments encoding the full-length hnRNP A1 and SPSB1 were amplified from HEK 293 cell cDNA using primer pairs A1-BamHI-F/A1-XhoI-R and SPSB1-HindIII-F/SPSB1-XhoImyc-R, respectively, and inserted into the polylinker region of pcDNA3 (Invitrogen) or pGEX-5X-2 (GE Healthcare) vector. PCR fragments encoding hnRNP A1 or SPSB1 with truncations, deletions or point mutations were made by a two-step PCR using primers listed in the Supplementary information, Table S4 . pST39-Rbx2-His-Cullin5 and pST39-ElonginB-CBFbeta-ElonginC-Vif-His were kindly provided by Dr. Xianghui Yu (Jilin University, Changchun, China) [60] . To generate pST39-ElonginB-ElonginC, CBFbeta and Vif-His sequences were removed from pST39-ElonginB-CBFbeta-ElonginC-vif-His. pComp-Rac1-exon 3b-wt and pComp-Rac1-exon 3b-mut were constructed by insertion of annealed oligonucleotides E3B-wt-for/-rev and E3B-mut-for/-rev separately into EcoRI and HindIII sites of pComp-control [61] .
RNA-seq data analysis and motif enrichment analysis
Total RNAs were processed for single-end (1 × 100 nt) RNAseq on an Illumina HiSeq2000 platform according to manufacturer's instruction. Data analysis was carried out as previously described [62] . Briefly, we mapped the single-end reads to human reference genome (GRCh38) using TopHat with default parameters. The splicing events were extracted from gene annotations by the standalone version of AStalavista (v3.2) [63] . The "junctions. bed" files produced by TopHat were used to quantify the coverage of inclusion and exclusion junctions for each event. The comparisons of splicing events between samples were made using Fisher's exact tests. To identify cis-elements respond to EGF-induced splicing regulation, five regions (R1-R5) on the significantly changed skipping exons and their flanking introns were scanned for the occurrence of all the 5-mer-nucleotide (Supplementary information, Table S2 ). To assess the significance of each 5-mer-nucleotide on each region, we randomly selected the same number of exons 1 000 times from all the skipping exons and did the same analysis as mentioned above. The p-value of each 5-mer-nucleotide in each region was calculated as the frequency of the random selections that had equal or more occurrence than real data.
Western blotting
Cells were lysed in RIPA buffer containing 50 mM Tris-Cl pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA-free protease inhibitor cocktail (Roche) and 1 mM phenylmethylsulfonyl fluoride (PMSF). Lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by gel transfer to a nitrocellulose membrane (BioRad). The membranes were incubated first with the primary antibodies, and then with secondary antibodies coupled to horseradish peroxidase (HRP). Band signals were detected with an enhanced chemiluminescence system (Thermo Scientific) and visualized by image analyzer (Fujifilm). The primary antibodies used for this study are anti-GAPDH from Kang Cheng Bio-tech, anti-γ-tubulin and anti-FLAG from Sigma, anti-HA from Roche, anti-MYC, anti-Elongin C, anti-Cul2, anti-Cul5, anti-hnRNP A1 monoclonal antibody and anti-Ub from Santa Cruz, anti-hnRNP A1 polyclonal antibody and anti-Elongin B from Abclonal, anti-pan Akt, anti-p-Akt (S473), anti-Erk1/2 and anti-p-Erk1/2 from CST, anti-Rac1b from Millipore and anti-total Rac1 from Cytoskeleton. The rabbit polyclonal SPSB1 antibody was raised against His-tagged SPSB1 and affinity purified by our lab. The HRP-conjugated secondary antibodies anti-mouse IgG and anti-rabbit IgG were purchased from Promega.
Yeast two-hybrid screen
The full length of hnRNP A1 ORF was first cloned into donor vector pDONR221, and then transferred into pDEST32 using Gateway Cloning system (Invitrogen). This generated the bait plasmid, pDEST32-hnRNP A1, which contains the in-frame fusion of GAL4 DNA binding domain. The prey vector pDEST22 containing human cDNA collections in-frame fused to the GAL4 activating domain (Invitrogen). Using the empty pDEST22 plasmid as a negative prey control, Y2H screening was performed by transforming yeast strain (Mav203 strain) that harbors bait vector, pDEST32-hnRNP A1, with the prey vectors carrying human E3 ligase cDNA expression library. Yeast transformants were first grown on the SD-2 agar plate (deficient in Leu, Trp) for selection of yeast cells containing both bait and prey vectors, and then transferred to SD-4 (deficient in Leu, Trp, His and Ura) plates to screen for proteins that potentially interact with hnRNP A1. Colonies grown on the SD-4 plates were picked and streaked onto another SD-4 plates with X-Gal (Sigma). "Positive" colonies were scored for those that not only grew in SD-4 medium but also gave blue color in X-Gal staining assay for β-galactosidase activity. The prey vectors were recovered from the positive colonies, and sequenced after amplification in Escherichia coli. Typically, each interaction was confirmed by transforming yeast Mav203 cells with the indicated bait and prey vectors, and allowing the transformants to grow on the SD-2 or SD-4 agar plates (with or without X-Gal) for ~3 days at 30 °C. Images of the colonies on both plates were recorded.
Immunoprecipitation assay
Cells were lysed in IP buffer (50 mM Tris-Cl, pH 7.5, 150 mM KCl, 0.5% NP40, 1 mM PMSF) at room temperature for 15 min with rotating. The lysate was centrifuged at 13 000 rpm for 10 min at 4 °C. The supernatant was collected and incubated with anti-Flag M2 beads (Sigma) or the appropriate antibodies which were previously immobilized on Protein G Sepharose beads (Roche) at 4 °C for 3 h with rotating. The beads were subsequently washed three times with IP buffer. For detection of polyUb chains on hnRNP A1, beads were washed with IP buffer supplemented with 0.1% SDS. The bound material was fractionated by SDS-PAGE followed by Western blot analysis.
In vitro ubiquitylation assay
Recombinant human His-Ub-wt or His-Ub-K29, His-UBA1 (E1), His-UbcH5a (E2), ElonginB/C-His-Cullin5-RBX2, GST-SPSB1, GST-hnRNP A1-wt and GST-hnRNP A1-K(183, 298)R were expressed and purified from Escherichia coli BL21 (DE3) pLysS cells. 500 ng UBA1, 500 ng UbcH5a, 1 µg co-purified GST-SPSB1 and Elongin B/C-His-Cullin5-RBX2, 1 µg GST-hnRNP A1-wt or -K(183, 298)R and 2 µg Ub-wt or Ub-K29 were incubated with ubiquitylation buffer containing 25 mM Tris-HCl, pH 7.6, 5 mM MgCl 2 , 100 mM NaCl, 2 mM DTT, 2 mM ATP, 1× Protease inhibitor cocktail (Roche) at 30 °C for 1 h. For the deubiquitylation reaction, 1 µg purified deubiquitinating enzyme (Usp2cc) was added and incubated for additional 30 min. The reactions were stopped with 5× SDS loading buffer followed by SDS-PAGE and immunoblotting using anti-hnRNP A1 antibody.
Mass spectrometry analysis of ubiquitylation sites
FLAG-tagged hnRNP A1 was immuno-purified from cells expressing MYC-tagged SPSB1 and HA-tagged Ub using anti-FLAG M2 beads under denaturing washing condition.
On-beads digestion: beads were firstly washed with 500 µl 100 mM NH 4 HCO 3 three times and sonicated with 20 µl 8 M urea in 100 mM Tris-Cl pH 8.5 for 30 min. For optimizing the activity of trypsin, samples were diluted four-fold with 100 mM Tris-HCl pH 8.5. Then trypsin (Promega) was added to make a final concentration of 5 µg/ml. The samples were then incubated at 37 °C for 4 h with shaking at 800 rpm. The supernatant was removed into a new tube and stored at -80 °C. Adding 80 µl additional 5 µg/ml trypsin into the sample tube, and then incubated at 37 °C overnight with shaking at 500 rpm. After digestion, the supernatant was removed into a new tube without disturbing beads. Beads were resuspended in 60% ACN (0.1% Formic Acid) for 5 min, and centrifuged at 1 000 rpm for 1 min followed by transferring supernatant into a new tube. Combine three parts of digested supernatant and speedvac to dry out the sample. Before analysis, formic acid was added to a final concentration of 5%.
LC/ tandem MS (MS/MS) analysis of peptide ubiquitylation: the peptide mixture was pressure loaded onto a 15 cm-long pulledtip analytical column (75 µm i.d.) packed with 2.5 µm reverse phase beads (Hydro C18, Phenomenex, Torrance, CA) and was washed with buffer A (see the following section for buffer compositions). The column was then placed in-line with an Easy-nLC 1000 nano HPLC (Thermo Scientific, San Jose, CA) for mass spectrometry analysis.
LC condition: the mobile phase and elution gradient used for peptide separation were as follows: 0.1% formic acid in water as buffer A and 0.1% formic acid in water/acetonitrile (20:80, v/v) as buffer B, 0-5 min, 0%-2% B; 5-140 min, 2%-35% B; 140-160 min, 35%-80% B; 160-170 min, 80% B; 170-171 min, 80%-0% B and 171-180 min, 0% B. The flow rate was at 300 nl/min.
Mass spectrometry condition: data-dependent tandem mass spectrometry (MS/MS) analysis was performed with a Q Exactive Orbitrap mass spectrometer (Thermo Scientific, San Jose, CA). Peptides eluted from the LC column were directly electrosprayed into the mass spectrometer with the application of a distal 1.8-kV spray voltage. A cycle of one full-scan MS spectrum (m/z 300-1 800) was acquired followed by top19 MS/MS events and a target MS/MS, sequentially generated on the first to the nineteenth most intense ions selected from the full MS spectrum at a 27% normalized collision energy. The target MS/MS list was added into inclusion list in the MS method during 180 min data acquiring process. The number of micro scans was one for both MS and MS/ MS scans and the maximum ion injection time was 50 and 100 ms, respectively. The dynamic exclusion settings used were as follows: charge exclusion, 1 and > 8; exclude isotopes, on; and exclusion duration, 30 seconds. MS scan functions and LC solvent gradients were controlled by the Xcalibur data system (Thermo Scientific).
Data analysis: the acquired MS/MS data were analyzed against a UniProtKB Homo sapiens database (database released on 24 September 2015) using Integrated Proteomics Pipeline (IP2, http:// integratedproteomics.com/). To accurately estimate peptide probabilities and false discovery rates, we used a decoy database containing the reversed sequences of all the proteins appended to the target database. To search for ubiquitylation, lysines were treated as differentially modified by +114.0429 Da.
Cell migration assay
Cell migration was studied using 8-mm transwell chambers with 8-µm pores (Corning Costar, Corning). The bottom surface of each membrane was coated with serum-free medium for 1 h. Approximately 10 5 cells were seeded in the upper chambers in 200 µl of serum-free medium. Lower chambers contained 600 µl of 20% serum medium. After the cells were allowed to migrate for 24 h, the medium in the upper chamber was sucked out and cells on the upper side were removed with a cotton swab. Cells on the lower side of the membrane were washed with cold PBS, fixed with methanol and stained with 0.2% crystal violet in PBS. Cells that migrated through the membrane to the lower surface were counted by light microscopy.
Immunofluorescence microscopy
Cells were seeded on gelatin-coated cover slips to an appropriate density in 35 mm plates followed by cell transfection or treatment. After medium removal, cells were fixed with PBS containing 4% paraformaldehyde for 15 min and permeabilized with 0.1% Triton X-100 in PBS. After blocking with PBS containing 2% bovine serum albumin (BSA) for 30 min, cells were incubated with primary antibody diluted in PBS with 1% BSA for 3 h. After three washes with PBS, cells were incubated with the appropriate fluorescence-conjugated secondary antibodies for 1 h at room temperature followed by 10 min of DAPI (4′,6-diamidino-2-phenylindole dihydrochloride) staining for nuclei visualization. Slides were then washed three times and mounted in Mowiol reagent. The stained cells were detected using Olympus BX51 microscope and Leica TCS SP2 laser confocal microscope. The final images were obtained and analyzed by using confocal microscopy with FLUOVIEW viewer software and Adobe Photoshop CS4. Each image is a single Z section at the same cellular level.
Nuclear and cytoplasmic fractionation
Cells were trypsinized, collected by centrifugation and washed
